We present an optical and near-infrared photometric and spectroscopic study of supernova (SN) 2009kn spanning ∼1.5 yr from the discovery. The optical spectra are dominated by the narrow (full width at half-maximum ∼ 1000 km s −1 ) Balmer lines distinctive of a Type IIn SN with P Cygni profiles. Contrarily, the photometric evolution resembles more that of a Type IIP SN with a large drop in luminosity at the end of the plateau phase. These characteristics are similar to those of SN 1994W, whose nature has been explained with two different models with different approaches. The well-sampled data set on SN 2009kn offers the possibility to test these models, in the case of both SN 2009kn and SN 1994W. We associate the narrow P Cygni lines with a swept-up shell composed of circumstellar matter and SN ejecta. The broad emission line wings, seen during the plateau phase, arise from internal electron scattering in this shell. The slope of the light curve after the post-plateau drop is fairly consistent with that expected from the radioactive decay of 56 Co, suggesting an SN origin for SN 2009kn. Assuming radioactivity to be the main source powering the light curve of SN 2009kn in the tail phase, we infer an upper limit for 56 Ni mass of 0.023 M ⊙ . This is significantly higher than that estimated for SN 1994W, which also showed a much steeper decline of the light curve after the post-plateau drop. We also observe late-time near-infrared emission which most likely arises from newly formed dust produced by SN 2009kn. As with SN 1994W, no broad lines are observed in the spectra of SN 2009kn, not even in the late-time tail phase.
features of Type IIn SN spectra are thought to arise from the SN ejecta interacting with an H-rich circumstellar medium (CSM). Recently, Li et al. (2011) derived new relative rates for different SN subtypes, concluding that Type IIn SNe make up 5 per cent of all SNe in their volume-limited sample.
Type IIn SNe exhibit the most heterogeneous properties among the different CCSN subtypes. However, Kiewe et al. (2012) proposed separating a subcategory of Type IIn SNe based on their slowly evolving narrow P Cygni lines [full width at half-maximum (FWHM) ∼ 1000 km s −1 ], exhibited especially by the Hα line. Chugai et al. (2004) associated these events with SNe interacting with a massive CSM envelope ejected in an outburst rather than in a superwind. Following these authors, we identify a subclass of Type IIn SNe consisting of events similar to SN 1994W. Such objects include SN 1994ak (Filippenko 1997) , SN 1994W (Sollerman, Cumming & Lundqvist 1998; Chugai et al. 2004; Dessart et al. 2009, hereafter SCL98, CBC04, and DHG09, respectively) , SNe 1995G and 1999eb (Pastorello et al. 2002 ), SN 1999el (Di Carlo et al. 2002 , SN 2005cl (Kiewe et al. 2012) , SN 2011A (Pignata et al. 2011 ) and SN 2011ht (Roming et al. 2012) . In this work, we show that SN 2009kn also belongs to this subclass. The variety of other Type IIn SNe, such as SN 1988Z (Stathakis & Sadler 1991; Turatto et al. 1993) , SN 1998S (Fassia et al. 2001 ) and the ultraluminous SN 2006gy (e.g. Smith et al. 2010a) , makes them less easy to group into subclasses.
We present data on SN 2009kn obtained by a wide European SN collaboration 1 comprising one of the most comprehensive data sets yet collected for this subclass of Type IIn SNe. In Section 2, we give the basic parameters of SN 2009kn. In Sections 3 and 4, the photometric and spectroscopic data are described. In Section 5, we discuss the intrinsic nature of SN 2009kn and compare it to SN 1994W. A summary is given in Section 6.
SN 2009kn
Gagliano et al. (2009) Steele, Cobb & Filippenko (2009) on November 9 revealed it to be a Type IIn SN based on the detection of narrow spectral Balmer lines. A radio nondetection on November 27.43 ut was reported by Chandra & Soderberg (2009) .
The recession velocity of 4931 km s −1 of MCG−03-21-006 (Chamaraux et al. 1999 ), corrected for Virgo and Great Attractor peculiar motion (Mould et al. 2000) , gives a heliocentric redshift 0.015798 ± 0.000033. The corresponding luminosity distance is 70.3 Mpc (H0 = 71 km s −1 Mpc −1 , ΩΛ = 0.7 and ΩM = 0.3) and the distance modulus µ = 34.23 mag.
The lack of pre-discovery imaging of the field of 1 This is paper is based on European Southern Observatory (ESO) NTT long-term programme, in the framework of a large international collaboration for SN research. For the composition of the Collaboration and its scientific goals, we refer the reader to our web pages (http://graspa.oapd.inaf.it/). SN 2009kn close in time to the SN discovery prevents us from establishing an accurate date of explosion. However, by cross-correlating the spectra of SN 2009kn to the spectral sequence of SN 1994W, we obtain an estimate of the explosion date of JD = 2455116 +10 −11 (October 11). We adopt this as the explosion date in the remainder of the paper. See Section 4.2 for details and caveats on the method.
The spectra of SN 2009kn show no Na i absorption at the host galaxy redshift. We therefore assume that the host galaxy extinction is negligible compared to the Galactic component. We adopt the Galactic extinction of AV = 0.353 mag as the extinction towards SN 2009kn (see Section 4.2 for details).
PHOTOMETRY
Photometric observations of SN 2009kn were obtained with the 2.56-m Nordic Optical Telescope (NOT; Djupvik & Andersen 2010) with the Andalucia Faint Object Spectrograph and Camera (ALFOSC 2 ) and the Nordic Optical Telescope near-infrared Camera and spectrograph (NOTCam), the 3.56-m New Technology Telescope (NTT) with the ESO Faint Object Spectrograph and Camera v.2 (EFOSC2; Buzzoni et al. 1984 ) and the Son of ISAAC (SofI; Moorwood, Cuby & Lidman 1998) , the 2.2-m Calar Alto (CA) telescope with the Calar Alto Faint Object Spectrograph (CAFOS; Meisenheimer 1998), the 2.0 meter Liverpool Telescope (LT; Steele et al. 2004 ) with the RATCam and the SupIRCam, and the 2 × 8.4 m Large Binocular Telescope (LBT) with the LBT Near Infrared Spectroscopic Utility with Camera and Integral Field Unit for Extragalactic Research (LUCIFER; Mandel et al. 2000) . We report on 22 epochs of optical imaging from day 15 to day 446 post-explosion and 12 epochs of NIR imaging from day 76 to day 531.
Data reduction
The basic data reduction, i.e. bias subtraction, flat-fielding, alignment and co-addition of the exposures, were carried out using standard Image Reduction and Analysis Facility (iraf) 3 tasks. The sky subtraction for the near-infrared (NIR) data was done using the xdimsum 4 package developed for iraf.
Instrument-specific optical colour terms were derived using several epochs of standard field observations. The calibration of the optical photometry was done relative to a sequence of up to 25 local stars, in turn calibrated using the photometric standard star field RU 152 (Landolt 1992 ) observed on JD = 2455171.6 with the NOT. The night was later determined as photometric based on the comparison of the derived UBVRI zero-points to the instrumental zero-points reported 5 for NOT/ALFOSC and the atmospheric extinction monitoring measurements at the Carlsberg Meridian Telescope.
6 SN 2009kn and its comparison stars are shown in Fig. 1 . The calibration of the NIR photometry used up to 20 field stars from the Two Micron All Sky Survey (2MASS) 7 (Skrutskie et al. 2006) . The optical magnitudes for the field stars are reported in Table 1 , and for completeness the 2MASS magnitudes are included. We carried out photometry of SN 2009kn using a point spread function (PSF) procedure based on the daophot package in iraf. A polynomial surface fit to the square background region surrounding the object position was derived and subtracted. The local stars used for photometric calibration were used to derive a PSF for each image which was then fitted to the SN. Measurement errors were estimated by simulating and fitting nine artificial PSF sources around the SN-subtracted residual image. This error usually dominated over the statistical uncertainty of the PSF fitting. The total error we report is the quadratic sum of the aforementioned measurement error and the standard error of mean of the zero-point values derived from individual local stars used for the calibration. Most of the iraf tasks were run under the quba pipeline.
8 The optical photometry of SN 2009kn is reported in Table 2 , and the NIR photometry in Table 3 .
The local stars were also used to derive the World Co- Gagliano et al. (2009) . We believe that the larger discrepancy in RA is due to a typo or an error in converting angles to seconds of RA. The host galaxy has an inclination of 42
• according to HyperLeda (Paturel et al. 2003) .
From the late epochs of our photometry, it is evident that the SN is projected close to a point-like source, most likely an H ii region in the host galaxy. For the photometry of these epochs, the PSF was fitted both to the SN and to the nearby source to prevent it from affecting the PSF fitting. We obtain similar magnitudes of this nearby source at different epochs: mB = 22.37±0.18 mag, mV = 22.18±0.09 mag, mR = 21.98 ± 0.12 mag, and mI = 22.11 ± 0.10 mag. This suggests that the source does not strongly contaminate our late time photometry. During the early plateau phase, the SN is much brighter than this source, which therefore can be ignored.
Light curves
All our multiband photometric follow-up observations have been conducted after maximum light, starting from 46 d after our adopted explosion date JD = 2455116. The absolute UBVRIJHK light curves are shown in Fig. 2 . The light curves show a declining plateau phase extending ∼100 d from the explosion date. The plateau resembles those shown by Type IIP SNe, which exhibit a distinctive hydrogen recombination phase in their light curves. Assuming a continuous plateau before the day 46 multiband observations, we estimate that the SN absolute peak magnitude was roughly MB ≈ −18 mag. Compared to the average peak magnitudes of Type II SNe (Richardson et al. 2002) , SN 2009kn is ∼1 mag brighter than the Type IIP SNe and ∼1 mag fainter than the Type IIn SNe in their sample. Nevertheless, both Type IIP and Type IIn peak magnitude distributions show a wide spread and SN 2009kn cannot be excluded from either of the two classes based on the early photometry. SN 2009kn's plateau was followed by a rapid drop of ∼2.4 mag in B and ∼2.0 mag in V, R, and I in just 12 d, similar to SN 1994W which faded by ∼3.5 mag in V in 12 d (SCL98). From day 116 onwards the decline rates, measured using least-squares fitting, were γB = 1.29 ± 0.12 mag (100 d) −1 , γV = 0.92 ± 0.11 mag (100 d) −1 , γR = 0.81 ± 0.04 mag (100 d) −1 , and γI = 0.72±0.06 mag (100 d) −1 . Here we have included the measured magnitudes in R and I on day 360 and 446 in the fit, but not the upper limits in V and R. The slope in V is comparable to the slope of 0.98 mag (100 d) −1 expected from the radioactive decay of 56 Co to 56 Fe, assuming complete γ-ray and e + trapping. The slopes in R and I, however, are not as steep. This could indicate ongoing CSM interaction which enhances the flux in the Hα and Ca ii triplet lines in R and I bands, respectively. For more details, see Sections 4 and 5. See Section 3.3 for an analysis of the decline of the bolometric light curve. The gradual slope after the fast drop in the light curve is one of the main differences between SN 2009kn and SN 1994W, the latter exhibiting a much steeper decline rate. In Fig. 3 , the absolute VRI light curves of SN 2009kn and SN 1994W are compared. The available photometry of SN 1994W between days 20 and 50 consists only of amateur photometry, which were converted to V -band magnitudes by SCL98. SN 1994W exhibited a peak in the light curve at around 20−30 d from the date of explosion, after which the light curve remained on a plateau-like shape. For SN 2009kn, we are similarly missing early epoch photometry. We have derived R-band magnitudes from the available unfiltered amateur images of SN 2009kn, shown in Fig. 2 , but no clear light-curve peak is seen.
In Fig. 4 (Krisciunas et al. 2009 ), the Type IIn SNe 1988Z (Aretxaga et al. 1999 ) and 1998S (Fassia et al. 2000; Liu et al. 2000) , two Type IIn events which share spectral similarity to SN 2009kn: SN 1995G (Pastorello et al. 2002 ) and SN 1999el (Di Carlo et al. 2002 , and the low-luminosity Type IIP SN 2005cs (Pastorello et al. 2009 ). Epochs for the SNe are given from the time of explosion where available, otherwise from time of discovery (SNe 1988Z and 1995G) .
when the plateau phase ends. During the tail phase, the B−V and V−R colours do not change, while R−I increases to ∼0.6 mag by day 180.
Taking into account the overall behaviour of the light curves, SN 2009kn bears a closer resemblance to a Type IIP SN than to SN 1998S. However, the colour curves are bluer than for a Type IIP and similar to those of SN 1998S. The drop after the plateau phase for SN 2009kn (and SN 1994W) is not particularly large compared to Type IIP SNe. Elmhamdi, Chugai & Danziger (2003) presented a sample of Type IIP SNe that showed a drop in brightness in the range of 1.5−3 mag. Even larger drops have been observed for subluminous Type IIP SNe. SN 2005cs dropped by ∼3.8 mag in V during a period of three weeks after the plateau phase (Pastorello et al. 2009 ). We also note that a fairly luminous Type IIP SN 2007od dropped ∼6 mag from the plateau to the first observed tail phase slope in roughly 200 d (Inserra et al. 2011 ).
Bolometric light curves
Pseudo-bolometric UBVRI, JHK and interpolated UBVRI-JHK light curves were created from available photometry of the SNe included in the comparison. The extinctioncorrected magnitudes were converted into fluxes and integrated over the filter range using Simpson's rule and the integrated fluxes were converted to luminosities taking into account the distance moduli.
Both the well-sampled optical data of SN 2009kn and the less comprehensive NIR data can be extrapolated and (Krisciunas et al. 2009 ) and a Type IIn SN 1998S (Fassia et al. 2000; Liu et al. 2000) . The few available uninterpolated colour values for SN 1994W are shown for completeness. All colour points are reddening corrected interpolated to all the epochs of observations to derive a UB-VRIJHK pseudo-bolometric light curve. This is compared to those of several other SNe in Fig. 6 . When comparing with SN 1987A, we note that in the early tail phase the pseudo- bolometric light curve follows the radioactive decay fairly closely. Using least-squares fitting between days 129 and 199, the best fit for the light-curve slope is γ = 0.90 ± 0.06 mag (100 d) −1 . This is slightly slower than the pure radioactive value, and could be explained by ongoing CSM interaction in the tail phase. Epochs beyond day 199 were excluded from the tail phase fit because of limited photometric coverage. Since spectral observations seem to indicate that there is still CSM interaction ongoing in the early tail phase, the 56 Ni mass we can derive from the light curve slope should be considered as an upper limit. Assuming complete γ-ray trapping in the tail phase, the luminosity and 
NIR evolution
Up to day ∼200, the NIR evolution of SN 2009kn broadly follows that of the other optical bands (see Fig. 2 ). Between days 200 and 400, there is no NIR coverage; nevertheless, beyond day 400, the light curves in H and K are relatively flat, while the optical emission continues to drop steeply. This behaviour is suggestive of dust condensation.
To examine this possibility, we first fitted a single blackbody to the NIR spectral energy distribution (SED) at day 417 for which date photometry in J, H and K bands was available. To avoid the effects of possible contamination from line emission in the J band, we also carried out the fit using only the H -and K -band points. These fits all yielded similar blackbody temperatures of ∼1400−1500 K and radii of ∼2.6−3.0×10 15 cm. The blackbody temperature is consistent with thermal emission from dust. The blackbody radius is consistent with an expansion velocity of ∼800 km s −1 (according to the P Cygni minima velocity during the plateau phase; see Section 4.5) assuming a small initial radius. Thus, the IR emission could be seen to originate within the same dense shell that gave rise to the optical emission from the SN. This behaviour is in line with other type IIn SNe. For SN 1998S, a strong late-time NIR excess was also observed and was at least partly attributed to newly formed dust in a cool dense shell (CDS) formed behind the reverse shock (Pozzo et al. 2004) . The H − K colour of +1.2 at day 417 is comparable to that of SN 1998S (+1.5 at day 333). Meikle et al. (2006) derived a dust evaporation radius of ∼3×10
16 cm for the type IIP SN 2002hh, appropriate for graphite grains (for silicate grains this radius would be larger). However, SN 2009kn was ∼1 mag brighter at early times than SN 2002hh (Pozzo et al. 2006) , which implies a larger dust evaporation radius. The dust evaporation radius of SN 2009kn is therefore at least an order of magnitude larger than the derived warm dust blackbody radius of SN 2009kn. This also supports the idea that dust formed between days 200 and 400, since the time-scales are consistent with those observed previously (see e.g. Kotak et al. 2009; Meikle et al. 2011) .
Unfortunately, no spectroscopy of SN 2009kn is available beyond day 225 to confirm that new dust indeed formed. We compared the day 120 spectrum with the day 225 spectrum to search for blueshifted lines which would further support our claim. However, we do not detect any noticeable blueshift of the Hα emission peak; if anything, the line peak shifted slightly to the red. Our last K-band spectrum (day 225) does not show a strongly rising continuum, and there is no sign of molecular emission due to CO -a commonly observed precursor to dust formation (e.g. Kotak et al. 2005) . Again, this is not inconsistent with the time-scales and HK evolution described above. SN 1987A showed clear signatures of dust formation only as late as day 600 (Wooden et al. 1993) , although it did show molecular emission at earlier epochs.
No NIR data are available for SN 1994W. Assuming that SN 1994W was a genuine SN, then partial trapping of γ-rays in the tail phase or dust formation already at ∼100 d could explain its steep R-band evolution during the tail phase, leading SCL98 to underestimate the amount of 56 Ni that it produced.
SPECTROSCOPY
Spectroscopic observations of SN 2009kn were obtained at 13 epochs from day 35 to 225 post-explosion. NOT/ALFOSC, NTT/EFOSC2 and the 8.2-m Very Large Telescope (VLT) with Ultraviolet and Visual Echelle Spectrograph (UVES; Dekker et al. 2000) and the optical/NIR spectrograph XShooter (Vernet et al. 2011 ) were used to obtain optical spectra. The NIR spectroscopy was obtained with X-Shooter [simultaneously with ultraviolet (UV) and optical], NTT/SofI and LBT/LUCIFER.
Data reduction
The data reduction for the NOT and NTT spectra were done using standard iraf tasks and the quba pipeline. The raw data were bias subtracted and flat-field corrected. Spectroscopic flats were obtained before and after the target expo-sure with the same pointing as for SN 2009kn as necessary to minimize the possible fringing effects. The spectra were extracted with the iraf task apall, wavelength calibrated using arc lamp exposures and cross-correlated with the sky lines. The second-order contamination for grism #4 at the NOT (20 per cent of the U -band flux and 5 per cent of the B -band flux visible beyond 5900Å) was corrected using the method presented by Stanishev (2007) . The LBT spectrum was extracted, reduced and calibrated using the LUCIFER pipeline. The relative flux calibration of the optical spectra was done by deriving the sensitivity curve for the instrument set-up from spectroscopic standard star observations. The NIR spectra were calibrated by dividing the extracted spectrum with a spectrum of a telluric standard star observed at a similar airmass and close in time as the SN and multiplied with the same spectral type stellar library spectrum (Pickles 1998) .
UVES spectrum was pipeline reduced using the Reflexbased workflow provided by ESO. X-Shooter spectra were pre-reduced using version 1.1.0 of the dedicated ESO pipeline (Goldoni et al. 2006) , with calibration frames (biases, darks, arc lamps and flatfields) taken during daytime. The 1D spectrum extractions were done using apall in a similar way to the low-resolution spectra. Relative flux calibrations were performed through spectrophotometric standards taken from the ESO list, 9 which includes stars with well-known emission fluxes from UV to NIR. We removed the telluric bands using telluric standards taken soon after each scientific exposures and at the same airmass as the SN.
All the spectra were absolute flux calibrated with BVRIJHK broadband photometry interpolated/extrapolated to the observation epoch. An average scaling factor was derived for each epoch and multiplied to the spectrum over the whole wavelength range. Finally, all the spectra were corrected to the heliocentric reference frame. For a complete log of spectroscopic observations, see Table 4 .
Epoch of explosion and extinction
For the Galactic line-of-sight extinction, we used the value derived by Schlegel, Finkbeiner & Davis (1998) dust maps with a reddening of E(B − V ) = 0.114 mag. We conclude from the early epoch spectra that the host galaxy extinction is negligible compared to the Galaxy due to the absence of redshifted Na i D λλ 5889.95, 5895.92 lines in our data, whilst the rest wavelength Galactic lines are clearly identified [see Turatto, Benetti & Cappellaro (2003) for details but also Poznanski et al. (2011) for a caveat on the use of Na i as a reddening indicator]. Thus, using the Cardelli, Clayton & Mathis (1989) reddening law with RV = 3.1, we adopt a total line-of-sight extinction of AV = 0.353 mag (i.e. only the Galactic reddening).
Due to the lack of observations of the SN field close in time before the discovery, we have no independent estimate of the explosion date beyond the discovery data. We take instead the simple approach of comparing SN 2009kn with SN 1994W, which has a well-defined explosion date of JD = 2449548 +2 −4 (SCL98). We used the SuperNova IDentification (snid) code (Blondin & Tonry 2007) to cross-correlate first five optical spectra of SN 2009kn (see Table 4 ) against the spectra of SN 1994W presented by CBC04, along with the library of spectra included in snid (version 5.0 with template set 2.0). For the spectra included in the analysis, snid always returned spectra of SN 1994W as the best two matches. Other suggestions were mainly luminous blue variables (LBVs), active galactic nuclei, and other non-SN sources. We used the rlap value output of snid as an estimate of the quality of the best fits and calculated a weighted average for the explosion date of 15 d before the discovery. The standard deviation of the explosion dates obtained using different spectra, summed in quadrature with the error derived for the explosion date of SN 1994W, was adopted as the final error. We thus adopt an explosion date of JD = 2455116 +10 −11 , noting that it gives a very similar light curve drop epoch for SN 2009kn as for SN 1994W. The applied method assumes that the two SNe are absolutely identical. While this may not be the case, comparison with the spectral development of other SNe (see Section 5.2) supports its use for estimating the explosion date.
Spectral evolution
The spectral time series of SN 2009kn in the optical is shown in Fig. 7 . The NIR spectral evolution is shown in Fig. 8 with the identified NIR lines overlaid. The day 62 UV-optical spectrum of SN 2009kn has already been presented in a compilation of recent observations of Type IIn SNe with XShooter by Pastorello et al. (2011) . Following the line identifications carried out for SN 1994W initially by CBC04 and later very comprehensively by DHG09 (see also the supplementary online data in their appendix A), we performed our own line identifications for SN 2009kn to allow more detailed comparison between the two events.
For analytical line identification purposes all the 1D spectra were extracted from the 2D frames using the iraf task apall with optimal extraction enabled, producing a target spectrum and also a weight spectrum describing the pixel-to-pixel noise level. Due to the higher resolution of the X-Shooter spectra, the 2D spectra were binned before the extraction to enable apall to produce a more reliable noise spectrum. We took care that even the narrowest features were not lost in binning the spectra and that different epochs were binned similarly. A continuum level for the 1D spectrum was determined by heavily median smoothing the spectrum with a 100Å window. Only features that differed by more than three times the wavelength-dependent noise level from the continuum were accepted as real lines, i.e. emission and absorption features with 3σ peak detections. Further rejection of features was done by inspecting closely the 2D frames to identify false detections caused by fringing effects, cosmic rays, telluric lines or failed tracing and extraction in the end regions of the spectra with intrinsically low signal-to-noise ratio. For example, no lines were identified in the K -band region of the spectra. In the low resolution spectra, only the lines that were identified also in at least one of the higher resolution X-Shooter spectra were accepted as real. We note that our method is more conservative than the approach used by CBC04. To identify most of the atomic lines, we used the National Institute of Standards and Tech- Sigut & Pradhan (2003) .
To assist in the line identification in the photospheric phase optical spectra, we also used a Monte Carlo atmosphere code similar to that of Mazzali & Lucy (1993) and the atomic line list from Jerkstrand, Fransson & Kozma (2011) . The code treats electron and line scattering in the nebular non-local thermodynamic equilibrium approximation given density, abundances, a thermalization radius and the observed luminosity. The temperature at the thermalization radius is iterated to reproduce the observed luminosity. The values for these quantities were taken from DHG09 for the day 79 spectrum of SN 1994W. Except for the hydrogen lines, which are mainly recombination driven, the lines in the day 79 spectrum of SN 1994W are well reproduced by this procedure. Given the strong similarity between SN 1994W and SN 2009kn in the photospheric phase, we assume these identifications to apply to SN 2009kn as well. For complete lists of identified lines, see Tables A1 and A2 in the Appendix A.
In Figs. 9 and 10, the lines identified in the X-Shooter spectra are shown. The medium-resolution spectra from XShooter enabled us to fully resolve the narrow absorption components of multiple lines. These spectra show the main spectral evolution points of SN 2009kn in an otherwise only slowly changing time series.
The spectrum of SN 2009kn is dominated by strong Balmer lines, especially in the early epochs, and these lines show similar evolution to that of SN 1994W (for the comparison, see Fig. 11 ). The slightly less prominent absorption components of SN 1994W compared to SN 2009kn can be explained by the poorer spectral resolution in the SN 1994W data. We also note the similarity in the wavelength evolution of the Balmer line peaks, gradually shifting redwards as a function of time. The flux measurements of the hydrogen lines are reported in Table 5 . The Hβ line flux was corrected for blending with Fe ii λ 4923.94. Hγ is also affected by multiple faint Fe ii lines but these effects were not corrected for. The Hα flux on day 56 may be affected by poor flux calibration as the line lands in the blue end of In the day 120 tail phase spectrum, the ratio has increased to Hα/Hβ = 16 for SN 2009kn. The evolution of the Balmer decrement can be qualitatively understood as a result of transition of the recombination spectrum from a regime of optically thick, almost thermalized Balmer lines towards a regime of optically thick Balmer lines but still far from complete thermalization. In the NIR, the Paschen lines Paβ and Paγ are the most prominent features. Paα overlaps with the strong telluric band between H and K. Evidence of the line can be seen in the day 76 NTT spectrum and in the day 97 LBT spectrum. The Paβ/Paγ ratio decreases slowly from ∼2 at day 62 to ∼ 1.3 − 1.4 both before and after the light curve drop at day 97 and day 120.
No optical He i lines were detected before the light curve drop, including the broad λ 5875.61 visible in the early spectra of SN 1994W and SN 2005cl (see CBC04 and Kiewe et al. 2012 that the strong P Cygni line associated with Na i D is preventing us from properly observing the underlying feature of the He i λ 5875.61 line. We associate the strong P Cygni line itself with Na i D rather than He i due to its convincing rest wavelength match to Na i D(see Fig. 12 The spectra of SN 2009kn contain numerous Fe lines, many of which, such as Fe ii λλ 4233.12, 4923.94, 5018.44, are already above the detection limit in the early spectra on day 46 or day 56 and stay prominent throughout the plateau phase. Most of the Fe ii lines exhibit a clear P Cygni component with the absorption dominating over the emission component. After the light-curve drop, the Fe ii lines essentially disappear.
The most crowded regions of lines in the optical contain not only a forest of Fe ii lines but also multiple lines which we associate with Ti ii, such as λλ 4395.03, 4443.79. These were also identified by DHG09, and compared to CBC04 this is the major difference between our line identifications. Ti ii lines are no longer detectable after the drop.
Similar to many of the Fe ii lines, Ca ii H&K λλ 3933.66, 3968.47 (latter blended with Hǫ) emerge on day 56 and remain through the plateau phase with the emission component fading over time leaving absorption- dominated profiles on day 97. The evolution of the Ca ii triplet λλ 8498.02, 8542.09, 8662.14 is completely opposite to Ca ii H&K. In the first X-Shooter spectrum on day 62, the Ca ii triplet is present with strong absorption components. Over time, the Ca ii triplet becomes more prominent with a clear emission component starting to dominate the line profiles. After the light-curve drop, the Ca ii triplet lines are the most prominent after Hα.
The O i λ 8446.76 line emerges in the day 62 XShooter spectrum together with the Ca ii NIR triplet and O i λ 7775.39. Both O i lines are still visible in the tail phase spectra. The tail phase NIR spectrum on day 120 also shows the O i λ 11286.91 line appearing, presumably pumped by Lyβ.
Na i D emerges in the second X-Shooter spectrum on day 97. No clear sign of the Na i D is seen in the low resolution day 74 NTT spectrum. For comparison, Na i D emerged with a clear P Cygni profile in the day 76 spectrum of SN 1994W. After the drop, Na i D is one of the most prominent lines.
Among the other new features in the two tail phase spectra on day 120 and 130, two new P Cygni lines are detected which we associate with K i λλ 7667.01, 7701.08. These lines were also observed in the 2009 optical transient in UGC 2773 (Smith et al. 2010b) , which showed spectroscopic similarities to SN 2009kn. (Osterbrock & Ferland 2006) . Using the radiative transition probabilities A4 S 3/2 − 2 D 3/2 = 1.59 × 10 (2) and (4) from Seaton (1954) , we derived a temperature and electron density relation for the [O ii] region. Assuming the temperature to range between 5000 and 20000 K, an electron density of 100−200 cm −3 was obtained, consistent with an H ii region. In the 2D spectral frames, we see an extended emission re-gion superimposed on the position of the SN. Unsuccessful removal during the sky subtraction process of the spectra can explain this without the need to associate the emission with the SN itself. The nearby H ii region mentioned in Section 3.1 is located roughly 1.2 arcsec from SN 2009kn at a position angle ∼310
• , measured from north to east, corresponding to a slit angle of 130
• . As shown in Table 4 , the slit positions of most of the spectra are very different to this. In particular, the 0.9 arcsec slit of the day 120 spectrum which shows the very narrow 60 km s −1 Hα component for the first time does not pass through the optical centre of the nearby H ii region. However, diffuse emission from the same nearby H ii region may well extend into the line-of-sight towards the SN. The earlier spectra, even with high enough resolution, are not likely to show this line feature since the SN, with strong continuum, is much brighter than in the tail phase and any background emission is lost in the noise. To explain the linewidth of the 60 km s −1 Hα component as thermal broadening, the required temperature would be of the order of ∼80000 K, obviously too high of a temperature for an H ii region. Therefore, this velocity dispersion reflects macroscopic, rather than thermal, motions of ionized gas according to a standard interpretation of a large linewidth for luminous extragalactic H ii regions (Shields 1990 ).
Evolution of the spectral energy distribution
In order to compare the evolution of the SEDs between SN 2009kn and SN 1994W, we performed blackbody fits to the spectra (see Table 6 ). A continuum was first fitted to the dereddened and redshift-corrected optical spectra. From the continuum of the spectra, we extracted several points at every 100Å and derived a best fit for a single blackbody by χ 2 fitting. During the plateau phase, the blue end of the optical spectra is affected by severe line blanketing, similar to SN 1994W, and no single blackbody can be fitted to the continuum in this part of the spectra. For comparison, we also carried out blackbody fits solely based on the UBVRI photometry. To consistently compare SN 2009kn with SN 1994W, we carried out an absolute calibration of the observed spectra of SN 1994W using interpolated and extrapolated B -and V -band photometry (see Section 4.1) and derived blackbody properties in a similar fashion as for SN 2009kn. We adopted a distance of 25.4 Mpc and total reddening of E(B − V ) = 0.17 mag for SN 1994W, the same as SCL98, CBC04 and DHG09. This distance is close to the Virgo and Great Attractor corrected luminosity distance of 23.9 Mpc (Mould et al. 2000) for the host galaxy NGC 4041. The blackbodies fitted to the early spectra of SN 2009kn are shown overlaid with the spectra in Fig. 7 .
We find that the measured blackbody temperatures decrease and radii increase during the plateau phase of SN 2009kn and SN 1994W (see Figs. 13 and 14) . Using least-squares fitting, an average blackbody expansion velocity of ∼500 km s −1 was obtained with an initial radius of 6 × 10 14 cm. In the case of SN 1994W a velocity of ∼1000 km s −1 with similar initial radius was found.
Line profiles of hydrogen
In Fig. 15 , we show continuum-subtracted and peaknormalised Balmer line profiles for day 62. We note that Figure 9 . Day 62 and day 97 UVB and VIS arm X-Shooter spectra with the identified lines overlaid. The spectra are dereddened and the wavelengths corrected to the host galaxy rest frame. Table 6 . Best blackbody matches to the spectroscopy and photometry of SN2009kn. The broad base of the line profiles, shown most clearly by Hα, becomes weaker over time during the plateau phase and disappears after the light-curve drop. The same effect is observed also for the absorption component, whereas the narrow P Cygni emission component stays fairly constant throughout the whole observed line evolution. This indicates Figure 14 . Same as Fig. 13 , but for the blackbody radius. The black lines indicate slopes fitted to the data of SN 2009kn and SN 1994W Figure 15 . The continuum-subtracted and peak-normalised Balmer series line profiles overplotted from the first X-Shooter spectrum on day 62. The wings scale with the peak luminosity of the line. This is consistent with electron scattering of the core of the line and indicates the same source for the wings and the narrow profile.
that the optical depth of the electron scattering is going down over time; this effect is clearly shown in Fig. 16 .
To investigate the evolution of different line components, we use a simple approach to analyse the line profiles. We fitted multiple Gaussian components to the higher resolution spectra of SN 2009kn, including the VLT spectra and day 56 NOT spectrum, using the external graphical spectool task in iraf (see Fig. 17 ). For the time series of velocity and luminosity of different Gaussian components, see Fig. 18 . Table 7 shows the measured velocities. We found a combination of a narrow P Cygni profile consisting of a Gaussian emission and absorption component and a broader Gaussian emission component to approximately describe the overall profile of Hα in the plateau phase of SN 2009kn. These components can be seen in all the medium-resolution Figure 16 . The continuum-subtracted and peak-normalised Hα profiles from UVES and X-Shooter overplotted. The disappearance of the electron scattering wings is consistent with a gradual thinning of the shell optical depth. spectra through the whole observed evolution of SN 2009kn, with the narrow emission component having a roughly constant FWHM velocity of ∼1100 km s −1 . All the velocity measurements are corrected for instrumental resolution. The velocity derived from the flux minimum of the narrow Gaussian absorption component decreases as a function of time from ∼800 km s −1 at day 35 to ∼600 km s −1 at day 120. Similarly, the FWHM velocity of the broad emission component decreases from ∼3500 km s −1 at day 35 to ∼2400 km s −1 at day 120. In the case of the day 120 tail phase X-Shooter spectrum, we found it necessary to add one additional extremely narrow emission component with a resolved FWHM velocity of ∼60 km s −1 , associated with an H ii region as mentioned in Section 4.3. The luminosities of the narrow P Cygni and the broad emission components as well as the total Hα luminosities were found to follow well the evolution of the Rband luminosity in the plateau phase. However, in the tail phase only the luminosity of the broad emission component follows the R-band light curve, whereas the total luminosity and narrow P Cygni component (which dominates the total luminosity) do not drop as steeply. 
DISCUSSION

Previous models for SN 1994W
Here we discuss the two models presented for SN 1994W. CBC04 conducted both radiative transfer and hydrodynamical modeling, which they compared with the observed spectra and light curves of SN 1994W. They concluded that SN 1994W was surrounded by a dense ∼0.4 M⊙ circumstellar (CS) envelope with an outer radius of ∼3 × 10 15 cm, ejected in a violent outburst by the SN progenitor ∼1.5 yr before core collapsing and expanding with a velocity of ∼1000 km s −1 . CBC04 identified three components in the observed line profiles during the plateau phase of SN 1994W. The first component is a narrow P Cygni line with 700 km s −1 absorption minima arising from the expanding CS envelope. The second is a broad emission component with maximum blue velocity ∼4000 km s −1 originating from the CDS. The broad wings extending to −5000 km s −1 in the blue and +7000 km s −1 in the red make the third component, which is attributed to multiple Thomson scattering in the expanding CS envelope. Due to the high optical depth of the CDS, formed at the interface of the SN ejecta and CS envelope, only the photosphere can be observed, thus hiding any broad P Cygni emission lines arising in the hydrogenrich ejecta. Therefore, CBC04 interpret the ∼4000 km s −1 velocity of the broad emission line component to correspond to the expansion velocity of the SN ejecta. The interaction of the SN ejecta with dense CSM gives rise to a higher SN luminosity than observed for typical Type IIP SNe, and the high-density medium slows down the SN ejecta. A similar model of a dense CS envelope ejected by the SN progenitor in an outburst a few years before core collapse was also suggested for SN 1995G by .
Our late tail phase observations of SN 2009kn make it difficult to understand how the narrow-line component could be associated with the CSM envelope and the broad component with the SN ejecta as presented by CBC04. With our extensive data set for SN 2009kn, we can see that coincident with the light-curve drop the broad component begins to fade rapidly, while the narrow component persists. Based on the model of CBC04, which associates the broad component with the ejecta, we would expect to continue observing this component also after the light-curve drop. Neither do the observations support the idea that the ejecta swept up and accelerated the entire CSM shell by the end of the plateau unless this took place at a much earlier epoch, before our first spectroscopic observations. Moreover, we observe no dramatic transformation of the SN 2009kn spectrum from the plateau to the tail (on day 120). This suggests that radiation transfer from the shell interior dominates. We suggest that the drop in the light curve marks not the ejecta reaching the outer edge of the entire CSM envelope, but instead the end of the cooling phase just as seen in Type IIP SNe.
DHG09 conducted a spectroscopic analysis of SN 1994W based on radiative transfer modelling, without performing any hydrodynamical modeling of the light curves. They used the model to independently produce synthetic counterparts for six epochs of observed spectra of SN 1994W. DHG09 note that their model fits poorly to the early spectra of the brightening phase of days 21 and 31. However, the following four epochs during the plateau phase reproduce the observed spectra well. DHG09 concluded that the entire line profile can be explained by a single optically thick emitting region, where the broad component results from internal multiple electron scattering in the photosphere. For comparison, in the model of CBC04, a CDS forms as a result of shock interaction between the ejecta and the CS envelope, and it behaves subsequently as a photosphere and remains optically thick throughout the plateau phase. DHG09 explain the end of the plateau phase and the drop in the light curve as the point when the photosphere becomes optically thin after receding into the fully recombined central parts of the ejecta, whereas in the model of CBC04 the drop happens when the photosphere breaks through the more slowly expanding CS envelope. DHG09 suggests reverse-shock deceleration as the reason for the lack of broad lines observed during the nebular phase. However, based on the lack of broad nebular lines and the low mass of 56 Ni in SN 1994W, DHG09 also proposed that it is not necessary for the inner shell to originate from core collapse. Instead, it might have been ejected in another outburst by the progenitor star which, due to its higher velocity, catches up with the expanding outer shell. The resulting interaction would give the observed display. They propose a model where the two shells have similar masses, so that a strong enough deceleration of the inner shell could be produced.
The nature of SN 2009kn
As the bolometric tail phase luminosity of SN 2009kn is consistent with the radioactive decay tail, this supports an SN origin for SN 2009kn. This is further supported by observations of other SN 2009kn-like events. For SN 1999el, we estimate a pseudo-bolometric decline rate of γ = 0.92±0.06 mag (100 d) −1 between epochs 113 and 228 based on the UB-VRIJHK light curves of Di Carlo et al. (2002) (assuming AV = 1.18 mag; see Section 3.3). For SN 1999eb, Li et al. (2002 found a late time I -band decline rate of γI = 0.86 ± 0.01 mag (100 d) −1 using data on epochs 332, 387 and 659.
With a suitable selection of parameters, an interaction between the shells ejected in two massive and consecutive outbursts could still create a tail phase decline that mimics radioactive decay. This possibility was addressed by DHG09 in the case of SN 1994W, for which the available data (in R) showed faster decline than expected from radioactivity. This might also explain why such different light curves, resembling both Type IIP and IIL SNe, are shown by events with similar spectra (see also Dessart, Livne & Waldman 2010) . If the tail phase decline is due not to radioactive decay but to interaction between shells produced by outbursts of the progenitor, this would also mean that a similar coincidence is seen in both SN 1999eb and SN 1999el. Filippenko 1989; Chugai & Danziger 1994; Benetti et al. 1998; Fransson et al. 2002) .
When comparing the spectral time series of SN 2009kn-like SNe, we find a striking similarity in the spectral evolution within this family of Type IIn SNe (see Fig. 19 ). As shown in Section 4.5 for the Hα line components, the luminosity of the broad-line component seems to closely follow the luminosity of the narrow-line component during the plateau phase. This, together with the symmetry of the broad component, supports the conclusion that both the broad-line and the narrow-line components arise from the same physical region, consistent with the model of DHG09 where the narrow component is associated with the photosphere at τ ∼ 1 and the broad component is due to internal electron scattering. In other words, it would require careful fine tuning of the parameters to have the narrow component arise from the CSM and the broad component from the ejecta as suggested by CBC04 for SN 1994W if their luminosities are to scale together over time. Furthermore, the velocity width of the narrow component stays fairly constant during the plateau phase, while the width of the broad component decreases. This is consistent with the temperature SN 1995G, SN 1999eb, SN 1999el (Pastorello et al. 2002 ) and SN 2005cl 10 (Kiewe et al. 2012 . The epochs of the SN 1995G spectra are after discovery and are shown in parentheses. Bottom: the day 74 spectrum of SN 2009kn compared to the Type IIP SN 2003hn (Krisciunas et al. 2009 ), the Type IIn SN 1998S and SN 2000ch, an SN impostor in NGC 3234 after its 2008 outburst (Pastorello et al. 2010) . The spectra have all been dereddened with wavelengths corrected to the host galaxy rest frame and vertically shifted for clarity.
dropping, reducing the strength of the electron scattering. For these reasons, we favor the model of DHG09 to explain the broad base of the spectral lines with electron scattering.
As noted above, no broad spectral lines are detected in the tail phase of SN 2009kn that would indicate the higher velocities expected for typical optically thin SN ejecta. Momentum conservation argues for a CSM-ejecta mass ratio ≥1 if the CSM is to have a significant effect on the ejecta velocity. If we assume that SN 2009kn is a genuine SN, we suggest the following scenario. The supernova ejecta collide with a massive CS envelope, forming a swept-up shell with a velocity of vs ∼ 800 km s −1 . The internal energy released 10 Data from the Weizmann interactive supernova data repository (Yaron & Gal-Yam 2012) in the collision is converted into thermal energy, which is essentially trapped inside the optically thick swept-up shell. Li et al. (2006) and Eldridge, Mattila & Smartt (2007) found SN 2005cs to have originated from a star with an initial mass in the range ∼6−10 M⊙. It seems unlikely that a red supergiant star of such a low mass would have experienced a massive outburst producing the CSM which SN 2009kn is interacting with; instead, SN 2009kn might have been a so-called electron-capture SN originating from a super-asymptotic giant branch (super-AGB) star close to the core-collapse limit ∼8M⊙. Super-AGB stars have been excluded as the progenitor of several subluminous Type IIP SNe, such as SN 2005cs (Eldridge et al. 2007 ), SN 2008bk (Mattila et al. 2008 Van Dyk et al. 2012 ), and SN 2009md (Fraser et al. 2011 ). However, super-AGB stars have been suggested as the progenitors of fainter (−12 < ∼ MR,max < ∼ − 15) events such as SN 2008S, SN 2008ha and the 2008 optical transient in NGC 330 (see Prieto et al. 2008; Botticella et al. 2009; Pumo et al. 2009; Thompson et al. 2009; Valenti et al. 2009 ). Similarly, a super-AGB progenitor has also been suggested for the bright (MR,max ≈ −18) Type IIP SN 2007od with a low derived 56 Ni mass (Inserra et al. 2011) . The spectra of SN 2009kn and SN 1994W are nevertheless quite unlike these events.
In the electron-capture SN model, core collapse is triggered by electron capture of 24 Mg and 20 Ne, which reduces the electron pressure and leads to a collapse of the oxygenneon core, instead of an iron core (see e.g. Miyaji et al. 1980; Nomoto 1984) . The hydrogen envelope is thought to be only loosely tied to the super-AGB star and a significant amount of mass could be ejected in an outburst due to a thermal instability (Weaver & Woosley 1979) . If such major mass loss episode takes place shortly before the core collapse, it could lead to an SN showing a strong ejecta-CSM interaction. The simulations of Kitaura, Janka & Hillebrandt (2006) indicate a very low (< 0.015M⊙) mass of 56 Ni for electron capture SNe, which is inferred in SN 2009kn. Weaver & Woosley (1979) suggest a maximum velocity of the ejected hydrogen envelope of around ∼100 km s −1 . As shown in Section 4.3, the good resolution of our VLT spectra of SN 2009kn would have enabled us to detect and resolve any line components as narrow as this. However, we see no narrower component than the dominating P Cygni lines in our UVES and XShooter spectra. The original velocity of the CSM cannot have been much different from the observed 800 km s −1 P Cygni velocity unless the CSM component is an unseen rarefied wind. As already suggested in the preliminary analysis of Pastorello et al. (2011) , the observed properties of SN 2009kn agree overall well with a model of an O/Ne/Mg core collapsing, preceded by a CSM envelope forming in Ne flash driven outbursts (see also the discussion by CBC04). We do point out that the ∼1000 km s −1 velocity we see is also consistent with a very massive LBV-like outburst (e.g. Pastorello et al. 2010) . However, if SN 2009kn is considered as a core-collapse event, it is problematic to associate an LBV as the progenitor since they should not explode as SNe according to the current stellar evolution models (e.g. Langer et al. 1994 ).
CONCLUSIONS
We have shown SN 2009kn to be a twin of SN 1994W with only a few differences. The two events have similar light curves and colour evolution during a plateau phase. SN 1994W was roughly 1 mag brighter and had a few days longer plateau than SN 2009kn. The plateau phase was followed by a deep light-curve drop, slightly deeper in the case of SN 1994W, followed by a tail phase. The slope of the tail phase is the largest observed difference between the two SNe. SN 2009kn follows fairly well the radioactive decay tail of 56 Co, which supports an SN nature for SN 2009kn. We infer an upper limit for the 56 Ni mass of 0.023 M⊙, much higher than the estimate for SN 1994W. However, given the rapid decline of the light curve of SN 1994W at the tail phase, the possibility remains that an energy source other than radioactive decay (e.g. CS interaction) could dominate in both supernovae at the tail phase. Moreover, we cannot rule out that the energy sources for the tail luminosity in these SNe are different, 56 Co dominating in SN 2009kn and some other energy source dominating in SN 1994W. Therefore, the two objects, SN 2009kn and SN 1994W, could even be different kinds of transient events originating from different types of progenitors, as the CSM interaction in both the objects explains the observed similarities before the post-plateau light-curve drop. For SN 2009kn, we detect late-time NIR emission which most likely arises from newly formed dust. Unfortunately, no NIR data are available for SN 1994W for further comparison.
Our systematically obtained optical and NIR multiband photometry together with the VLT/X-Shooter spectra as late as the tail phase makes our data set the most comprehensive data set available for future detailed modelling of SN 1994W-like events. The comparison between the spectral evolution of SN 2009kn and SN 1994W also reveals striking similarity in both evolution of the line luminosities and the details of their profiles. The Ca ii] and [O i] lines which are typically strong in the nebular spectra of normal Type II SNe are faint or absent in the tail phase spectra of SN 2009kn. We attribute this to high density in the ejecta. Our spectra excludes the existence of very narrow P Cygni lines that could be associated with slow progenitor wind. Furthermore, we emphasize the similarity of the spectral evolution of other SN 2009kn-and SN 1994W-like Type IIn SNe, even though they do not necessarily show the similar Type IIP-like light curve. We have shown that the spectral line components of SN 2009kn are in a good agreement with the model of DHG09, where the broad wings in particular are caused by internal electron scattering and the whole line profile arises from the same physical region.
